Mitochondria produce energy through oxidative phosphorylation (OXPHOS), which depends on the expression of both nuclear and mitochondrial DNA (mtDNA). In metazoans, a striking exception from strictly maternal inheritance of mitochondria is doubly uniparental inheritance (DUI). This unique system involves the maintenance of two highly divergent mtDNAs (F-and M-type, 8-40% of nucleotide divergence) associated with gametes, and occasionally coexisting in somatic tissues. To address whether metabolic differences underlie this condition, we characterized the OXPHOS activity of oocytes, spermatozoa, and gills of different species through respirometry. DUI species express different gender-linked mitochondrial phenotypes in gametes and partly in somatic tissues. The M-phenotype is specific to sperm and entails (i) low coupled/uncoupled respiration rates, (ii) a limitation by the phosphorylation system, and (iii) a null excess capacity of the final oxidases, supporting a strong control over the upstream complexes. To our knowledge, this is the first example of a phenotype resulting from direct selection on sperm mitochondria. This metabolic remodelling suggests an adaptive value of mtDNA variations and we propose that bearing sex-linked mitochondria could assure the energetic requirements of different gametes, potentially linking male-energetic adaptation, mitotype preservation and inheritance, as well as resistance to both heteroplasmy and ageing.
Introduction
Mitochondria are the powerhouse of eukaryotic cells, providing energy through a mechanism known as oxidative phosphorylation (OXPHOS), involving different respiratory enzyme complexes in metazoans. Mitochondria possess their own genome, the mitochondrial DNA (mtDNA), that in animals, apart from some exceptions [1] , encodes proteins that are all subunits of these complexes. The remaining subunits are encoded by the nuclear genome, making intergenomic coevolution mandatory to preserve optimal mito-nuclear interactions and functioning of aerobic metabolism [2] . As exemplified by hybridization events involving both interspecific and intraspecific crosses, the price of mitonuclear mismatches is metabolism dysfunction and fitness loss [3] . At the intraspecific level, mitochondrial genetic variations have been found to produce substantial phenotypic effects in both vertebrates and invertebrates. In humans, for example, mtDNA variations affect longevity [4] , sperm motility [5] , thermal tolerance [6, 7] as well as susceptibility to diseases [8] . In Drosophila, mtDNA variations have been proved to impact mitochondrial functions and male fertility [9, 10] . The high mutation rate of the mtDNA in metazoans provides a fast source of variants on which natural selection can act [11] , and emerging data & 2019 The Author(s) Published by the Royal Society. All rights reserved.
suggest that organisms exploit the mitochondrial genetic system to fuel phenotypic variation and evolutionary innovation [1,12 -14] . For example, non-neutral mtDNA mutations can be functionally tested in the germ-line [15] and, if beneficial, they can be positively selected [6, 7] , thus driving changes in nuclear genes and fueling mito-nuclear coevolution [11, 12, 16] . The mtDNA itself could be an important player in the adaptive evolution of organisms, potentially promoting speciation events [12 -14] .
In almost all multicellular eukaryotes, mitochondria are transmitted by one parental gamete, usually the maternal one (i.e. strict maternal inheritance-SMI) [17] . The panoply of mechanisms ensuring SMI that have evolved independently in organisms is believed to limit heteroplasmy, i.e. the coexistence of different mitochondrial haplotypes in the same nuclear background, which has been shown to cause physiological dysfunction [18, 19] . SMI thus prevents potential intergenomic conflicts [18] [19] [20] [21] . A plausible consequence of SMI, however, is that it puts severe antagonist sex-linked constraints on the evolution of mitochondria, e.g. mutations that are deleterious in males can reach high frequencies if they are advantageous or neutral in females, resulting in an adverse effect on sperm and male fitness (Mother's curse) [5,10,22 -24] . Some evidence of paternal mitochondria leakage and consequent heteroplasmy has been reported in animals [25] , suggesting (i) a sexual conflict over the control of cytoplasmic inheritance [20] , and (ii) a sex-specific advantage associated with a sporadic but persistent paternal mtDNA leakage and segregation into separate somatic tissues [20, 26] . The most remarkable example pointing towards the adaptive evolution of paternal leakage and heteroplasmy is the enigmatic and unique case of doubly uniparental inheritance (DUI) of mitochondria [27] [28] [29] .
DUI is specific to some bivalve molluscs [27 -29] and involves two sex-linked haplotypes (the F-and the M-type) that coexist and are transmitted separately through eggs and sperm. Specifically, eggs contain the F-type mtDNA and sperm the M-type mtDNA, and both haplotypes can be extremely divergent, with up to 40% of nucleotide divergence [27] . Eggs transmit their mitochondria to daughters and sons, and sperm only to sons, and females are usually homoplasmic for the F-type mtDNA whereas males possess the F-type mtDNA in their somatic tissues and the M-type mtDNA in their sperm [27 -29] . Some cases where both haplotypes have been detected in male and sometimes in female somatic tissues have, however, been reported [30] . The naturally heteroplasmic DUI system represents a unique model to assess the adaptive value of mtDNA variations, and their potential evolutionary implications. It also represents an exclusive model to compare the mitochondrial phenotypes resulting from mtDNA selection for female-and male-related functions (sperm mitochondria in DUI species are not an evolutionary dead-end), and to measure the potential effects of heteroplasmy on somatic tissue bioenergetics.
The aim of the present study was to evaluate, for the first time, the mitochondrial functions associated with sex-linked mtDNAs in the DUI species Arctica islandica (Linnaeus, 1767; order Veneroida) and Mytilus edulis (Linnaeus, 1758; order Mytiloida), and to compare them with the mitochondrial functions of bivalves with SMI of mitochondria, i.e. Placopecten magellanicus (Gmelin, 1791; order Ostreoida) and Mercenaria mercenaria (Linnaeus, 1758; order Veneroida). Specifically, we analysed the mitochondrial phenotype of gametes and somatic cells in both female and male individuals of each species through high-resolution respirometry [31] , to identify functional divergences in mitochondrial activity and organization associated, in this case, with the divergent evolution of sex-linked mtDNA variants. The results are discussed in the context of the adaptive value of mtDNA, mtDNA preservation and inheritance, evolutionary meaning of the DUI system, ageing, and heteroplasmy resistance through functional compensation between mt genomes.
Materials and methods
For each species, adult specimens were collected shortly before their spawning period and acclimated for four weeks in a 128C saltwater aquarium. Male and female somatic cells and gametes were prepared for respirometric analyses: gills were excised and permeabilized both mechanically and chemically as described elsewhere [32] and gametes were stripped and permeabilized following the protocol for high-resolution respirometry of permeabilized cells [33] . Mitochondrial respiration was measured through high-resolution respirometry at 128C using an Oxygraph-2 K (Oroboros Instruments, Austria) [31] , and flux through the electron transport system (ETS) and OXPHOS apparatus was assessed using a substrate-uncoupler-inhibitor titration protocol (electronic supplementary material, figure S1 ). Citrate synthase (CS) activity was determined through enzymatic assay [34] with a Mithras LB940 (Berthold technologies, Germany) and used as a marker of the intracellular density of mitochondria. To document divergences in mitochondrial functions and not in aerobic capacity of cells/tissues, data were analysed as flux control ratios (FCRs), with oxygen fluxes normalized for an internal parameter, the maximal uncoupled respiratory rate [31] . This approach improves the possibilities of detecting differences dictated by mitochondrial organization that could further be associated with mtDNA divergences [31] . Statistical analyses were performed with R software [35] . Data were analysed in relation to the three independent factors: 'species', 'sex', and 'cell type.' In each species, differences associated with the factor 'sex' were assessed using a two-tailed Student's t-test for soma and gametes separately. The main effects of different combinations of two independent factors, as well as their interaction, were determined using a two-way ANOVA, followed by a posteriori Tukey's test. Significance was set at p 0.05. Results are presented as means + 95% confidence interval bars (CIs). Detailed procedures and protocols are provided in the electronic supplementary material. An exhaustive list of the acronyms and abbreviations used is provided in electronic supplementary material, table S1. We used the terminology recently proposed by Lemieux et al. [32] and the MitoEAGLE working group [36] which tried to harmonize the terminology on mitochondrial respiratory states and rates for consistency of nomenclature to facilitate effective transdisciplinary communication.
Results and discussion
(a) Oxidative phosphorylation coupling efficiency and electron transport system limitation OXPHOS features in DUI versus SMI gametes are presented in figure 1 , and in electronic supplementary material, figure  S2 for somatic tissues. Figure 1a shows the OXPHOS coupling efficiency ( j P ), an indicator of both mitochondrial quality and coupling, that is calculated by expressing the respiration in the presence of NADH dehydrogenase (complex I or CI)- royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182708 character may not be specific to DUI species. Given the increase in respiration following Gp addition, our results reveal the importance of the Gp-related metabolic pathway in some marine bivalves, possibly reflecting an energetic metabolism relying on both cytosolic and mitochondrial ATP-production and/or a tight regulation of lipid synthesis by direct control over Gp-content. This reliance on Gp could also have a significant impact on reactive oxygen species (ROS) production and management given that the GpDH complex is an important site for ROS production in the ETS [37] . Figure 1d shows the apparent excess capacity of the ETS ( j ExP ), an estimate of how close the maximal coupled respiration (NPrcSGp P ; i.e. respiration sustained by CI, CII, proline dehydrogenase (ProDH), and GpDH complexes, State 3) is to the maximal capacity of the system (NPrcSGp E ; i.e. with the addition of the uncoupler FCCP, State 3u), expressing the limitation acting on the OXPHOS itself [31] . Our results indicate different degrees of limitation, with DUI sperm characterized by a strongly limited OXPHOS relative to their maximum ETS potential, and these values greatly diverge from those of DUI oocytes (figure 1d ). This reflects a strong functional divergence in OXPHOS limitation between gametes of DUI species, not found in SMI species (figure 1d; electronic supplementary material, figure S2D ), highlighting the role of the phosphorylation system (ATP-synthase, adenosine nucleotide translocase, and phosphate carrier) in controlling the OXPHOS activity in DUI sperm versus DUI oocytes. This is further confirmed by the quantitative analysis of both NPrcSGp P and NPrcSGp E , expressed as pmol O 2 s 21 . mU CS 21 (figure 1e,f ), i.e. using the activity of CS as a standardizing factor for both parameters. In accordance with an OXPHOS limitation rather than an increase in the ETS potential, the max coupled respiration is found limited in DUI sperm compared to oocytes, whereas there are no differences between SMI gametes (figure 1e). Conversely, the difference in the max ETS capacity is not DUI specific (figure 1f ). The activity of CS does not differ among gametes in all species (figure 1g).
(b) Intraspecific analyses
The comparisons of FCRs between female and male gametes and gills are reported in figures 2 and 3, respectively. FCRs represent mitochondrial respiratory rates normalized for maximal ETS capacity (NPrcSGp E ). This measure allows the characterization of the relative capacity of the different mitochondrial complexes, which is dictated by mitochondrial properties and not by mitochondrial content or cell size. For both SMI species, the FCRs did not vary between gametes, except for respiration sustained by CI þ ProDH þ CII (NPrcS P ) in P. magellanicus ( figure 2a,b) . In sharp contrast, both DUI species were characterized by a strong functional divergence in OXPHOS capacity between eggs and sperm (figure 2c,d). FCRs in oocytes were higher than those in sperm for almost all of the parameters considered. These results are the logical corollary of the higher ETS/OXPHOS ratio observed for sperm in DUI species (figure 1d ). As for gametes, male and female gills in SMI species showed the same OXPHOS organization and capacity ( figure 3a,b) . In DUI species, OXPHOS organization and capacity in gills differed according to sex only in M. edulis, with gills in males having lower FCRs than in females for respiration sustained by CI (N P ), CI-ProDH (NPr P ), and CI-ProDH-CII (NPrcS P ) (figure 3c). The divergence between M. edulis somatic tissue is reflected by j ExP (electronic supplementary material, figure S2D ). The influence of factors 'sex' and 'cell type' was also assessed on combined gametic and somatic groups (electronic supplementary material, figure S3 ). SMI species conserved an OXPHOS activity essentially unaffected by sex for both gills and gametes and presented only few differences driven by the cell type (electronic supplementary material, figure S3A,B) , potentially reflecting contrasting energetic regulations of gametic versus somatic cells. Again, in sharp contrast, DUI species showed respiratory parameters strongly affected by both factors (interaction effect in electronic supplementary material, figure S3C,D) , pointing to the combination of maleness and gametes as the main cause of the divergence (see electronic supplementary material, table S4). DUI sperm diverged from both oocytes and gills at the OXPHOS level, and in the case of M. edulis, OXPHOS in male gills diverged from female gills, confirming the trend seen in figure 3c .
Altogether, our results reveal divergences in mitochondrial function between gametes (and partly gills) only in DUI species. As mentioned above, in these species, females are usually homoplasmic, whereas males possess sperm with paternal mitochondria and soma with maternal mitochondria [27] . That said, some studies have also shown that both parental haplotypes can coexist and be expressed in somatic tissues, mostly in male individuals [30] . In M. edulis, the genetic divergence between the two parental haplotypes reaches 10 -22% [27 -29] , whereas it reaches 8% in A. islandica [38] . This divergence is reflected in the two highly different mitochondrial phenotypes observed in DUI species, i.e. one phenotype associated with the F-mtDNA and expressed in oocytes and somatic cells, and one associated with the M-mtDNA in sperm and characterized by lower FCRs, as a result of a strong limitation of the OXPHOS by the phosphorylation system. Lower FCRs, i.e. half-way between the 'pure' egg-and sperm-related phenotypes, were also observed in Mytilus male gills, which interestingly tested positive for the presence of the M genome (electronic supplementary material, figure S4 ). In recent years, the vision of selective neutrality of mtDNA has been challenged, and our results add to the growing body of evidence showing that cytoplasmic genetic variation can influence fitness [2, 6, 7, 12, 14] . They are also in line with the Father's curse hypothesis [30] , as DUI allows selection to act directly on the M-mtDNA, which can accumulate mutations that are beneficial or neutral in sperm, but potentially harmful when present and expressed in somatic tissues or in eggs. Since the OXPHOS capacity in heteroplasmic Mytilus male gills does not digress much from homoplasmic female gills, it is plausible that the amount of M-mtDNA does not reach the threshold required to produce a strong effect in male soma [39] . Additional analyses would be needed to confirm this idea. To question whether there is an interspecific correspondence of gamete-associated mitochondrial phenotypes, each parameter defining the OXPHOS activity was analysed separately within the DUI group (M. edulis and A. islandica) and the SMI group (P. magellanicus and M. mercenaria). The effects of factors 'sex' and 'species' were analysed and the results are reported in figure 4 and electronic supplementary material, table S5. No interaction effect between the two factors was detected; however, DUI and SMI groups were, respectively, characterized by a strong main effect of sex and species, widespread among the parameters considered.
In the DUI group, a main effect of sex was found for N L , N P , NPr P , NPrcS P, NPrcSGp P , and cytochrome c oxidase (complex IV or CIV) activity (CIV E ). A main effect of factor 'species' was only revealed for NPrcSGp P . Conversely, the SMI group was characterized by a strong effect of factor 'species' for N P , NPr P , NPrcS P , NPrcSGp P , and CIV E . Sex only affected NPrcS P . A PCA analysis (electronic supplementary material, figure S5 ) further confirmed the grouping of both DUI sperm together, in clear divergence from all the remnant mitochondrial phenotypes. In contrast to SMI species, for which the same mitochondrial phenotype is shared between sperm and eggs but differs between species, the two sex-linked DUI phenotypes show no interspecific divergences. This suggests that the 'reorganization of mitochondrial respiration' observed in sperm of two distantly related species (orders Mytiloida and Veneroida) could be an evolutionarily conserved character of DUI. Could these changes in mitochondrial function seen in DUI sperm confer a selective advantage? Two non-exclusive hypotheses have been proposed to explain the retention and function of the M genome in bivalves with DUI: (i) it could increase the fitness of sperm and/or (ii) it could be involved in sex determination [27] . The strong reorganization of mitochondrial respiration in DUI sperm corroborates the observations that F and M haplotypes are indeed under different selective pressures [27] and that natural selection acting directly on sperm may result in a modified mitochondrial metabolism. In previous studies of a particular M. edulis population where the F-mtDNA invaded the male route of inheritance, significant differences between sperm bearing F royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182708
and M mitochondria were detected, with the former swimming faster [40] and having a higher CIV activity [34] . Our results suggest that the reorganization of mitochondrial function in DUI sperm could affect male-specific functions (e.g. spermatogenesis, sperm motility, viability, and fertility). According to [41] , the optimal strategy for sperm in Mytilus might be to swim slowly and in tight circles in the absence of egg chemoattractant cues, but swim faster and straighter in their presence. It would be interesting to assess if typical 'slower' sperm with the M-type mitochondria rely more on OXPHOS, until chemoattractant cues are detected and possibly cause a switch to a faster glycolytic ATP production. Intriguingly, recent research has found that sperm success in Mytilus does not simply depend on which male or sperm is the 'best' overall-instead, it depends on which male is the least genetically related, at the nuclear level, and most genetically related, at the F-type mitochondrial level, to the focal female, allowing at the same time for the enhancement of offspring heterozygosity, cytonuclear compatibility, and reproductive fitness [42] . However, this study did not look at M-type mtDNA, and whether it could somehow contribute to male success in DUI species remains to be fully resolved. The predominant physiological function of mitochondria is the generation of ATP by OXPHOS, but the mitochondrial reorganization observed in DUI sperm could be related to aspects other than sperm fitness. For example, the M-type genome has been hypothesized to be involved in sex determination in bivalves with DUI [43] . This hypothesis arises from the sex-specific localization of the paternal mitochondria in embryos, which, together with the presence of sex-specific supernumerary mt genes is proposed to trigger the development of a certain sex [1, 43] . Even if the causative or associative relationship between DUI and sex is still an ongoing debate [43, 44] , in all cases, a mechanism that ensures the preservation and inheritance of sperm mitochondria in males is required. This mechanism could be based on mitochondrial performances. For example, the mitochondrial membrane potential (Dcm) is implicated in the binding of mitochondria to microtubules, thus potentially associated with the transport of healthy mitochondria in the germ-line [45] . In Caenorhabditis elegans, loss of Dcm precedes the degradation of paternal mitochondria shortly after fertilization [19] . Recent evidence suggests that DUI sperm mitochondria do exhibit a high Dcm and 'actively' segregate in the male germ-line precursor blastomere [46] . A Dcm-dependent mechanism has thus been proposed to drive the observed sex-specific differences in mitochondrial transmission in DUI species, by which sperm mitochondria with high Dcm would be segregated in the male germ-line precursor blastomere, and additional mechanisms would act to allow only germ cells containing spermatozoon-derived mitochondria to differentiate into male gametes [45] .
According to our results, DUI sperm are characterized by low respiratory rates, likely as a consequence of the limitation by the phosphorylation system. A limited ATP-synthase activity has been found to result in a high Dcm, a slowed ETS activity with consequent high reducing potential stored in respiratory complexes, and an increased electron leakage and ROS production [47, 48] . The reorganization of DUI OXPHOS described here potentially represents an intriguing mechanism, combining energetic adaptation, preservation of paternal mitochondria, and sex determination. Future analyses on the above-mentioned traits are essential, since they can shed light on the mechanisms by which mitochondria are selected and inherited across generations in metazoans.
(d) Apparent excess capacity of cytochrome c oxidase Figure 5 shows an apparent excess capacity of CIV ( j ExCIV ), which was expressed as the percentage of activity exceeding the max capacity of the ETS. In the two SMI species, the CIV excess capacity reached 33-175% (P. magellanicus) and 112-147% (M. mercenaria) with no main effect of sex, but a strong effect of cell type only for P. magellanicus ( figure 5 ). For DUI species, the CIV excess capacity of eggs, sperm, F-and M-gills was, respectively, 91%, 0%, 183%, 111% in M. edulis, and 173%, 6%, 296%, 95% in A. islandica, and j ExCIV was strongly influenced by sex with a main effect of cell type also found in M. edulis. No interaction was observed between factors 'sex' and 'cell type' in all species.
Overall, our results indicate that contrary to SMI species, both DUI species showed a congruent trend in j ExCIV , characterized by very high values associated with eggs and female soma, intermediate in male soma (in agreement with their heteroplasmic condition), and almost null excess capacity in sperm. An excess capacity of CIV has already been described in animals and is proposed to be functionally adaptive [32] . This excess can enhance oxygen affinity [49, 50] , regulate the redox state [51] , and preserve the oxidized state of upstream ETS complexes [52] . Bivalves are often subject to wide changes in oxygen availability in the intertidal zone or in burrows [53] , and the upregulation of CIV has been described during conditions where O 2 is scarce [54] . The maintenance of a high CIV excess capacity in bivalves could improve kinetic trapping of O 2 during hypoxic conditions and decrease the reducing charge stored in the upstream ETS enzymes and the consequent potential burst of ROS production during reoxygenation [52] . The results presented here point to a radically different CIV threshold phenotype caused by divergent mitochondrial haplotypes in DUI species. The null j ExCIV characterizing M mitochondria entails a tight respiratory control by CIV in DUI sperm, which might also be more sensitive to oxygen content in the medium. The high j ExCIV values associated with DUI female soma and eggs directly links with a low control of respiration exerted by CIV, and with a high biochemical threshold. The control of ETS flux is here proposed to be under strong selective pressures to ensure proper metabolic regulation, at least in DUI species.
A high j ExCIV could also mitigate the deleterious outcomes associated with both mutation accumulation and mtDNA heteroplasmy, given that higher defects in CIV activity could be sustained before impairing OXPHOS [50, 55] . In DUI species, male gills show intermediate CIV activity levels compared to the 'pure' F-phenotype (eggs and F-gills) and the M-phenotype (sperm), but their overall respiratory activity does not significantly differ from their respective homoplasmic female counterpart (figure 3; electronic supplementary material, figure S3, figure 5 ). As a 'functional complementation' between wild and mutant mtDNAs has already been observed [39, 56, 57] , we posit that a 'standard' respiratory activity in DUI male soma could be guaranteed by the F-mtDNA. The extreme j ExCIV specific to the female phenotype could reflect the ability to sustain a potentially deleterious male one, a possible way by which heteroplasmy is managed in DUI species.
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Finally, the CIV excess capacity could lower ROS production by ensuring a sharp thermodynamic gradient [52] . An age-associated decline in CIV activity and an increased ROS production is well documented and denotes CIV as a main target of respiratory dysfunction during ageing [58, 59] . Both respiratory chain dysfunction and ROS production take part in the 'death spiral' of increased oxidative stress that potentially leads to ageing [60] . One of our two DUI species, A. islandica, is the longest-living non-colonial metazoan recorded so far (maximum lifespan: 507 years) [52, 53] . Studies on this marine bivalve point to a lower H 2 O 2 production compared to other short-lived species as a key adaptation for its increased lifespan [53] , and an increment in the components upstream and downstream the principal ROS producing complexes has been proposed to be involved [52] . The high excess capacity of CIV found in female A. islandica gills (figure 5; 300%) may partly explain the age-resistance of this extremely long-lived animal. Moreover, given that the excess capacity is far higher in females, the question arises whether a slower ageing rate could be a F-haplotype-related character. Conversely, the null CIV excess capacity specific of DUI sperm mitochondria fosters the need to characterize ROS production in DUI male gametes. In animals with SMI, the 'division of labour' hypothesis postulates that sperm maximize energy production for motility by sacrificing mtDNA to OXPHOS and its mutagenic by-products, while oocytes repress OXPHOS [61] . A potential overproduction of ROS in DUI sperm is intriguing, knowing that viable mitochondrial genetic information has to be preserved in males since they also transmit their mtDNA. It is possible that DUI species have evolved specific mechanisms of ROS scavenging and/or mtDNA protection as ROS generation could be the price to pay to ensure high Dcm and redox status of ETS for mtDNA selection and inheritance.
Conclusion
The adaptive value of mtDNA variation is still a conundrum. The metabolic consequences of carrying two divergent haplotypes, and how it affects mito-nuclear coevolution is even more intriguing. The DUI system is emerging as a useful model to test these questions, since this system is naturally heteroplasmic for a female-and a highly divergent male-derived mtDNA.
This study provides the first comparative analysis of mitochondrial OXPHOS activity and organization in gametes and somatic tissues of DUI versus SMI bivalve species. In contrast to SMI species, for which the single maternally inherited haplotype expresses the same phenotype in eggs, sperm, and gills, both DUI species share a reorganization of OXPHOS in sperm mitochondria. Specifically, eggs and female gills, homoplasmic for the F-type mtDNA, express a common 'F-phenotype', whereas sperm and their M-type mitochondria express a 'M-phenotype', which is characterized by low OXPHOS/ETS rates, a strong limitation by the phosphorylation system, and a high flux control of CIV over the upstream ETS complexes, with an almost null excess capacity of CIV.
The DUI system and its phylogenetic distribution restricted to bivalves is a peculiar phenomenon. In contrast to the possibility that this system could merely represent a tolerable non-lethal form of genetic load, our findings suggest a direct link between different mtDNA haplotypes and phenotypes in DUI species, providing an additional example of the extent by which mtDNA variations can influence mitochondrial bioenergetics. To our knowledge, our data represent the first description of a mitochondrial phenotype resulting from a male-driven evolution of mtDNA. They also potentially represent the first case of an mtDNA specifically adapted for male functions affecting the general OXPHOS activity in heteroplasmic cells. royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182708 capacity exclusively observed in the F-phenotype may provide a way to sustain changes in the ETS performance deriving from (i) the presence of a specialized M-phenotype, and (ii) the accumulation of age-related mutations (e.g. in A. islandica, the longest-lived metazoan found so far, the CIV excess capacity is particularly important). Given that both distantly related DUI species share the same OXPHOS reorganization, we propose a convergent evolution of sex-linked mtDNAs for the DUI system. To further confirm this hypothesis, the analysis should be extended to other DUI species. This intriguing link between OXPHOS reorganization, the DUI inheritance mechanism, and sex determination definitely deserves further investigation.
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